Entomopathogens and other econutritional fungi belonging to Clavicipitaceae were phylogenetically analyzed on the basis of the 18S rRNA gene and mating-type genes (MAT1-1-1 and MAT1-2-1). The phylogenies of the mating-type genes yielded better resolutions than that of 18S rRNA gene. Entomopathogens (Cordyceps bassiana, Cordyceps brongniartii, Cordyceps militaris, Cordyceps sinclairii, Cordyceps takaomontana, Isaria cateniannulata, Isaria farinosa, Isaria fumosorosea, Isaria javanica, Lecanicillium muscarium and Torrubiella flava) were considered as a phylogenetically defined group, and were closely related to mycopathogens (Lecanicillium psalliotae and Verticillium fungicola). They located at more descendant positions in the mating-type trees than other fungi, and lacked the mating-type gene MAT1-1-3. The deletion of MAT1-1-3 was supposed to have occurred once in Clavicipitaceae, and a good indication for the evolution of Clavicipitaceae. Other entomopathogens (Cordyceps cylindrica, Cordyceps subsessilis, Metarhizium anisopliae and Nomuraea rileyi) and pathogens of plants, nematodes and slime molds, were relatively related to each other, and possessed MAT1-1-3, but were supposed to be heterogeneous. Root-associated fungi did not form any clade with other species.
Introduction
Clavicipitaceae is a family of the order Hypocreales in the class Sordariomycetes of the phylum Ascomycota. Many clavicipitaceous fungi and related anamorphs have useful industrial and agricultural applications. They are potential sources of bioactive molecules and medicines such as ergot alkaloids from Claviceps purpurea and cyclosporin from Cordyceps subsessilis. Entomopathogenic fungi such as Metarhizium anisopliae (Bidochka et al., 2001 ) are used as microbial insecticides. Nematophagous fungi such as Paecilomyces lilacinus (Olivares-Bernabeu & López-Llorca, 2002) also have a great potential as biocontrol agents. Endophytes of grasses such as Neotyphodium species (Shiba & Sugawara, 2005) confer resistances to herbivory, parasitism and drought, and are expected to be valuable for golf links and parks. Recently, several studies of bioremediation such as that of the ability of P. lilacinus to degrade dibenzofuran of dioxin (Gesell et al., 2004) were reported. Besides their importance in industrial and agricultural field, their various lifestyles and econutritional evolution are very fascinating. Clavicipitaceous fungi and related anamorphs contain diverse econutritional groups such as pathogens of plants, insects, spiders, termites, nematodes, slime molds and fungi; endophytes of plants; yeast-like endosymbionts of insects, and saprophytes. Clavicipitaceae has been extensively analyzed phylogenetically on the basis of the nucleotide sequences of various loci such as 18S rRNA gene, 28S rRNA gene, internal transcribed spacer (ITS) and b-tubulin gene (Bidochka et al., 1999; Nikoh & Fukatsu, 2000; Pa&outová, 2001; Zare & Gams, 2001; Liu et al., 2002; Yokoyama et al., 2002 Yokoyama et al., , 2004 Luangsa-ard & Samson, 2004; Luangsa-ard et al., 2005) , and on that of the patterns of allozymes, random amplified polymorphic DNAs and restriction fragment length polymorphisms (Bidochka et al., 2001) . However, phylogenetic studies using mating-type genes were hardly carried out, except for our previous study (Yokoyama et al., 2004) . Mating-type genes are very useful for phylogenetic analysis because of their high evolution rates (Turgeon, 1998; Pöggeler, 2001 ). In the class Dothideomycetes, the mating-type gene of Leptosphaeria maculans species complex evolves at a faster rate than the actin and b-tubulin genes (Voigt et al., 2005) . In Sordariomycetes, the phylogenies of mating-type genes agree well with the mating populations of Gibberella fujikuroi species complex (Steenkamp et al., 2000) and the reproductive strategy of Neurospora and Sordaria (Pöggeler, 1999) . Mating-type genes were used in the phylogenetic species recognition of eight new species in Fusarium graminearum morphological species (O'Donnell et al., 2004) . The phylogeny of the mating-type gene of Colletotrichum species complex yields a better resolution than that of the ITS sequence (Du et al., 2005) .
Previously, we reported that clavicipitaceous phytopathogens possess a MAT1-1-3 gene, whereas entomopathogens do not (Yokoyama et al., 2005) . However, we found the MAT1-1-3 in some other entomopathogens such as M. anisopliae. This contradicts our previous study. In this study we reexamined the relationship between the entomopathogens and other econutritional fungi by the phylogenetic and structural analyses of mating-type loci using 34 additional mating-type sequences.
Materials and methods

Fungal strains
The fungi used in this study are shown in Table 1 . Fungal strains of IFO, JCM, MAFF and NBRC were purchased from the Institute for Fermentation, Osaka (Japan), Japan Collection of Microorganisms (Japan), Ministry of Agriculture, Forestry and Fisheries Genebank (Japan) and NITE Biological Resource Center (Japan), respectively. The IAM and NIAES strains were kindly provided by Mr Yoshiharu Miura (Institute of Applied Microbiology Culture Collection, Japan) and Dr Takao Tsukiboshi (National Institute of Agro-Environmental Sciences, Japan), respectively. The BCMU strains were isolated in our laboratory.
This study included the following fungal species: fifteen entomopathogens/saprophytes (EPs) (Cordyceps bassiana, Cordyceps brongniartii, Cordyceps cylindrica, Cordyceps militaris, Cordyceps sinclairii, Cordyceps subsessilis, Cordyceps takaomontana, Isaria cateniannulata, Isaria farinosa, Isaria fumosorosea, Isaria javanica, Lecanicillium muscarium, M. anisopliae, Nomuraea rileyi and Torrubiella flava), two mycopathogens/saprophytes (MPs) (Lecanicillium psalliotae and Verticillium fungicola), eight phytopathogens/endophytes (PPs) (Claviceps oryzae-sativae, Claviceps panicoidearum, Claviceps paspali, Claviceps purpurea, Claviceps sorghicola, Ephelis japonica, Epichloe¨typhina and Neotyphodium uncinatum), four pathogens of nematodes/saprophytes (NPs) (Cordyceps chlamydosporia, P. lilacinus, Paecilomyces nostocoides and Pochonia suchlasporia), a pathogen of slime molds (SP) (Berkelella stilbigera), two root-associated fungi (RPs) (Engyodontium album and Verticillium leptobactrum) and three saprophytes (Paecilomyces carneus, Paecilomyces marquandii and Tolypocladium cylindrosporum). The isolation source of Nomuraea rileyi NBRC 8560 is unknown. We dealt with this strain as an EP in this study, because Nomuraea rileyi is not only a pathogen of insects but also a soil-born fungus. Verticillium fungicola belongs to Verticillium sect. Albo-erecta and has been suspected to be an anamorph of the family Hypocreaceae (Gams & van Zaayen, 1982) , but is closely related to Clavicipitaceae (Bidochka et al., 1999; Collopy et al., 2001; Yokoyama et al., 2004; Pantou et al., 2005) . We tentatively dealt with this species as an anamorph related to Clavicipitaceae in this study.
In our previous study (Yokoyama et al., 2004) , we adopted the holomorphic name Cordyceps memorabilis (Pacioni & Frizzi, 1978) for I. farinosa (Paecilomyces farinosus). Isaria farinosa BCMU IF07 and IFO 8108 ( = CBS 262.58, ex-type of Penicillium alboaurantium) are not closely related to ex-epitype CBS 111113 (Hodge et al., 2005) . Luangsa-ard et al. (2005) reported the genetic diversity of I. farinosa strains including CBS 262.58 and CBS 111113. We did not use the holomorphic name of I. farinosa in this study, because we were unsure which strain was the anamorph of Cordyceps memorabilis.
DNA extraction, PCR and sequencing
Genomic DNA was extracted using an Isoplant II kit (Nippon Gene, Japan). The condition of PCR for the 18S rRNA gene was described in our previous study (Yokoyama et al., 2004) . Previously, we designed four primer sets (MAT1-F1 and MAT1-R1, MAT1-F2 and MAT1-R2, MAT2-F1 and MAT2-R1, MAT2-F2 and MAT2-R2) for the amplification of mating-type genes (Yokoyama et al., 2004) . 0 -GCATATATTTTGTACCGCAA and MAT2-R4, 5 0 -CGAC GAGGGCGGTACTGGTA] were designed. Mating-type genes were amplified using the primer sets MAT1-F1 and MAT1-R1 (MAT1-1-1 of B. stilbigera, Cordyceps militaris, I. cateniannulata, I. fumosorosea and V. fungicola), MAT1-F3 and MAT1-R3 (MAT1-1-1 of Claviceps panicoidearum, Claviceps paspali and Claviceps sorghicola), MAT1-F4 and MAT1-R4 (MAT1-1-1 of M. anisopliae and P. suchlasporia), MAT2-F1 and MAT2-R1 (MAT1-2-1 of Cordyceps brongniartii, I. cateniannulata, I. farinosa, I. javanica and T. flava), MAT2-F2 and MAT2-R2 (MAT1-2-1 of V. leptobactrum), MAT2-F3 and MAT2-R3 (MAT1-2-1 of Claviceps panicoidearum, C. chlamydosporia, Cordyceps subsessilis, M. anisopliae, Nomuraea rileyi, P. carneus, P. marquandii, P. suchlasporia and T. cylindrosporum), MAT2-F4 and MAT2- 
Phylogenetic analysis
Clavicipitaceous fungi possess abundant group I introns in their rRNA gene. We previously reported a possible horizontal transfer of group I intron in Cordyceps bassiana (Yokoyama et al., 2002) . The nucleotide sequences of group I introns were excluded in the phylogenetic analyses. The nucleotide sequences of spliceosomal introns of mating-type genes were also excluded, because they differed in size among species and were difficult to align properly. The nucleotide sequences of 18S rRNA gene and mating-type genes were aligned using CLUSTALX ver.1.83 (Thompson et al., 1997) . The alignments of mating-type genes consisted the ORF and had no gap positions. Gap positions in the alignment of 18S rRNA gene were excluded from the subsequent analyses. Neighbor-joining analysis with PAUP ver.4.0b10 (Sinauer Associates) was performed using the following options: consensus tree, retain groups with frequency 4 50%; DNA/RNA distances, Kimura 3-parameter; negative branch-length handling, constrain branch lengths to be nonnegative. Heuristic searches of maximum-parsimony analysis with PAUP ver.4.0b10 (Sinauer Associates) were also carried out using the following options: consensus tree, retain groups with frequency 4 50%; branch swapping, tree-bisection-reconnection algorithm; stepwiseaddition, random sequence addition. The transversion/ transition ratio was set to 2 : 1. Bootstrap tests were conducted with 1 000 resamplings. The nucleotide sequence alignments and their phylogenetic trees were deposited in TreeBASE under the matrix accession numbers M2836-M2838.
Results and discussion
Phylogenetic analyses of Clavicipitaceae 18S rRNA gene is widely used in the phylogenetic analysis of Clavicipitaceae (Bidochka et al., 1999; Nikoh & Fukatsu, 2000; Yokoyama et al., 2002 Yokoyama et al., , 2004 Luangsa-ard & Samson, 2004) , and has a benefit that both mating-type strains can be simultaneously examined. The mating-type genes MAT1-1-1 and MAT1-2-1 are the most conserved genes in the mating-type loci MAT1-1 and MAT1-2, respectively . We performed the phylogenetic analyses of Clavicipitaceae and related anamorphs using 18S rRNA gene, MAT1-1-1 and MAT1-2-1 by the neighborjoining and maximum-parsimony methods (Figs 1-3) . To evaluate the relationship between EPs and other econutritional fungi, we chose EPs, MPs, NPs, PPs, SP and RPs. In this study, we included several representative members of Clavicipitaceae; Claviceps purpurea (type species of Claviceps, the type genus of Clavicipitaceae), B. stilbigera (Blistum tomentosum, type species of Blistum), Cordyceps bassiana (Beauveria bassiana, type species of Beauveria), Cordyceps militaris (type species of Cordyceps), Cordyceps subsessilis (Tolypocladium inflatum, type species of Tolypocladium), Claviceps oryzae-sativae (Ustilaginoidea virens, type species of Ustilaginoidea), Epichloe¨typhina (type species of Epichloe¨), I. farinosa (type species of Isaria newly typified by Hodge et al. (2005) and M. anisopliae (type species of The sequences Metarhizium). Cordyceps bassiana, Cordyceps brongniartii, I. fumosorosea, L. muscarium, Nomuraea rileyi and M. anisopliae are important EPs as microbial insecticides. Clavicipitaceae is closely related to Nectriaceae. The genera Gibberella and Nectria belonging to Nectriaceae were used as an outgroup. Nectria cinnabarina is the type species of Nectria (type genus of Nectriaceae). All phylogenetic trees showed similar results, although there were several differences in the branching order and number of polytomies. The phylogenies obtained by neighbor-joining analysis agreed well with those obtained by the maximum-parsimony analysis. The phylogenies of mating-type genes showed better resolutions than that of 18S rRNA gene. Particularly in maximumparsimony analysis, the 18S rRNA gene tree had a large polytomy. The scale bars of the 18S rRNA gene, MAT1-1-1 and MAT1-2-1 trees represent the evolution rates 0.001, 0.05 and 0.05 (substitutions/site), respectively, and showed the higher evolution rates of the mating-type genes. In all trees, Clavicipitaceae members formed monophylies (clade A) supported by high bootstrap values (4 95%).
Only 11 EPs (Cordyceps bassiana, Cordyceps brongniartii, Cordyceps militaris, Cordyceps sinclairii, Cordyceps takaomontana, I. cateniannulata, I. farinosa, I. fumosorosea, I. javanica, L. muscarium and T. flava) could form significant monophylies (clade B) in the MAT1-1-1 and MAT1-2-1 trees with high bootstrap values ( 4 80%), although they could not in the 18S rRNA gene tree. We tentatively named these members as EP-Is. Their anamorphs are Beauveria, Isaria, newly defined by Luangsa-ard et al. (2005) or Lecanicillium. Beauveria produces holoblastic sympodioconidia, but was closely related to Isaria and Lecanicillium, which produce enteroblastic phialoconidia. Recently, Isaria has been reintroduced into some members of Paecilomyces sect. Isarioidea (Luangsa-ard et al., 2005) . Isaria species were clearly separated from other members of P. sect. Isarioidea such as P. carneus, P. lilacinus, P. marquandii and P. nostocoides. However, all trees could not distinguish Isaria from Lecanicillium. Isaria and Lecanicillium are phialidic and morphologically related. The anamorph of Cordyceps militaris was considered as Lecanicillium (Zare & Gams, 2001) or Paecilomyces militaris (Liu et al., 2002) . The strong affiliation of Isaria and Lecanicillium was also reported by Luangsa-ard & Samson (2004) and Luangsa-ard et al. (2005) . The close relationship between EP-Is and MPs was observed in all trees (clade C). Particularly in the MAT1-2-1 tree, clade C was supported well by high bootstrap values ( 4 98%). All EP-Is and MPs had larger branch lengths than almost all other fungi in the MAT1-1-1 and MAT1-2-1 trees, and were supposed to locate at more descendant positions than other fungi. Nikoh & Fukatsu (2000) reported that the MPs of hart's truffles are closely related to the pathogens of cicadae. The MPs used in this study were parasites of Agaricus bisporus and Coltricia perennis, and were not closely related to the MPs of hart's truffles. Therefore, it was supposed that there were at least two lineages in the clavicipitaceous MPs.
The remaining EPs (C. cylindrica, Cordyceps subsessilis, M. anisopliae and Nomuraea rileyi) were clearly separated from EP-Is in all trees, and were named as EP-IIs in this study. This showed that there were at least two lineages in EPs. Bidochka et al. (1999) suggested that EPs might have evolved independently many times. The anamorphs of EPIIs are Metarhizium, Nomuraea or Tolypocladium. EP-IIs did not form a monophyly in any trees, and were supposed to be heterogeneous. However, all members could cluster with the NPs, PPs or SP (clades D, E, F and G). Cordyceps subsessilis was located in ambiguous positions in all trees, although it was included in clade D with a low bootstrap value (51%). In our previous study, Cordyceps subsessilis formed a sister clade with EP-Is and MP in the MAT1-1-1 tree with a low bootstrap value (51%) (Yokoyama et al., 2004) . We considered Cordyceps subsessilis as EP-II on the basis of the presence of MAT1-1-3 (see section below).
PPs could not form a significant monophyly in any trees and were supposed to be heterogeneous, although they clustered in clade H with a relatively high bootstrap value (69%) in the maximum-parsimony analysis of MAT1-1-1. They were relatively related to EP-IIs, NPs and SP in the 18S rRNA gene and MAT1-2-1 trees (clades D and G). Particularly in the neighbor-joining analysis of MAT1-2-1, clade G was supported by a high bootstrap value (89%). Claviceps purpurea could not be included in clade G. The genetic diversity of Claviceps was also reported by Pa&outová (2001) . In her work Claviceps purpurea and Claviceps paspali have different ITS1 structures, although they belong to the same clade.
RPs did not form any clades with other fungi including the PPs in all trees, so they seemed to belong to independent lineages in Clavicipitaceae. However, in the maximumparsimony analysis of MAT1-2-1, E. album formed a sister clade with clade C with a low bootstrap value (61%) as observed also in our previous study (Yokoyama et al., 2004) .
Structural analysis of MAT1-1
Sordariomycetes usually possesses three mating-type genes, namely, MAT1-1-1, MAT1-1-2 and MAT1-1-3, in the mating-type locus MAT1-1 Yun et al., 2000) . However, in the class Sordariaceae, Sordaria macrospora is supposed to have no typical MAT1-1-3, because SMT A-3 does not contain the HMG-box (Pöggeler et al., 1997) . In Clavicipitaceae, three PPs (Claviceps purpurea, Ephelis japonica and Epichloe¨typhina) have three MAT1-1 genes, but two EP-Is (Cordyceps militaris and Cordyceps takaomontana) lack MAT1-1-3 (Yokoyama et al., 2003 (Yokoyama et al., , 2005 . In this study, we determined the MAT1-1 sequences of two EP-IIs (C. subsessilis and M. anisopliae) and a MP (V. fungicola), and analyzed their structures (Fig. 4) . The MAT1-1 sequences were deposited in the DDBJ/EMBL/GenBank with the accession numbers AB258381-AB258383. Cordyceps subsessilis and M. anisopliae possessed MAT1-1-3 as observed in the PPs. On the other hand, MAT1-1-3 could not be found in V. fungicola. To examine the presence of MAT1-1-3 in other species, PCR for MAT1-1-3 was done. MAT1-1-3 was amplified in all MAT1-1 strains of EP-IIs, NPs, PPs and SP (Fig. 2) . MAT1-1-3 of Neotyphodium uncinatum was disrupted by a stop codon, and supposed to be a pseudogene. The MAT1-1-3 sequences were deposited in the DDBJ/EMBL/GenBank with the accession numbers AB258370-AB258378. We performed a phylogenetic analysis on the basis of 132 unambiguously aligned positions of MAT1-1-3. However, the MAT1-1-3 tree contained a large polytomy, and did not provide a sufficient resolution. On the other hand, MAT1-1-3 could not be detected in all MAT1-1 strains of EP-Is and MPs. This showed that MAT1-1-3 might be deleted in the lineage generating the MPs (Fig.  2) , and supported the descendant positions of EP-Is and MPs in the mating-type trees. Recently, Inderbitzin et al. (2005) reported that the mating-type phylogeny reflects the structure of the mating-type locus (fused MAT1-1/2 or not) and the mating strategy (self-fertile or not) in the genus Stemphylium of the class Dothideomycetes. They suggested a horizontal transfer of the fused MAT1-1/2 on the basis of the disagreements between the phylogenies of mating-type locus and other genes such as GPD. In Clavicipitaceae, the EP-Is and MPs lacking MAT1-1-3 formed a monophyly in all trees. Thus, the deletion of MAT1-1-3 was supposed to have occurred once in Clavicipitaceae, and a good indication for the evolution of Clavicipitaceae.
Previously, we reported that Claviceps purpurea locates at the most ancestral position in the MAT1-2-1 tree (Yokoyama et al., 2004) , and its MAT1-1 structure is similar to that of the nectriaceous phytopathogen G. fujikuroi (Yokoyama et al., 2005) . We had supposed that the PPs are the most ancestral group in Clavicipitaceae. In this study, the MAT1-1 structures of EP-IIs were proved to be similar to those of the PPs. And the phylogenetic trees did not clearly show which econutritional mode was the most basal mode in Clavicipitaceae. Thus, we have to revise our previous supposition as follows: the EP-Is and MPs are more descendant compared to EP-IIs, NPs, PPs and SP.
Presumed heterothallism of Clavicipitaceae
Mating types MAT1 and MAT2 are determined by the single mating-type locus MAT1 . Heterothallic fungi have one of the mating-type loci, MAT1-1 or MAT1-2. On the other hand, homothallic fungi have both mating-type loci, namely, MAT1-1/2. However, there are several exceptions, the MAT A (MAT1-1) strains of some Neurospora species are homothallic (Glass et al., 1990) , and the MAT1-1/2 strains of some Ceratocystis species act as MAT2 (Witthuhn et al., 2000) .
All strains examined in this study possessed one of the mating-type genes, MAT1-1-1 or MAT1-2-1. Previously, we reported that both mating-type genes are detected in Cordyceps militaris BCMU CM03, which was derived from a mass of ascospores (Yokoyama et al., 2004) . The strain BCMU CM03 was proved to be a mixture of MAT1-1 and MAT1-2 cells, and reisolated as BCMU CM03-1 (MAT1-1) and BCMU CM03-2 (MAT1-2). Thus, the clavicipitaceous fungi and related anamorphs examined in this study are supposed to be heterothallic. Heterothallism was reported in Cordyceps militaris (Shrestha et al., 2004) and Cordyceps takaomontana (Yokoyama et al., 2005) .
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